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PREFACE

When beginning work in the study of Geomagnetically
Induced Currents (GICs), one of the most common diffi-
culties experienced by a researcher is in overcoming, and
eventually embracing, the interdisciplinary nature of the
field. To understand the GIC process from start to end,
we must understand a little bit of solar physics, space
weather, geophysics, and power engineering — fields with
completely different applications, expertise, and lan-
guage. At a typical university, these disciplines are often
in different departments, and likely in completely differ-
ent schools. Overcoming disciplinary barriers takes a
willingness to leave behind the high degree of specializa-
tion that the academic path requires and become a novice
in at least one new field. This is daunting for most of us.

GIC research is also highly applied. Because of the
potential for extreme GICs to damage critical power
grid infrastructure, there is a great deal of societal
importance. New research may have a significant effect
on industry and government. This real-world relevance
is often what draws us to the field, but means that there
are also practical considerations. Given the wide range
of backgrounds and priorities among participants
in the field, it is no wonder that there are sometimes

X

disagreements, but also great potential for cross-pollination
of ideas and information.

Some of these differences will be apparent in this book.
The book is presented in three parts — Space Weather,
Geomagnetic Induction, and Power System Impacts. Each
section is curated by an editor in the particular subfield,
with authors invited from among the leading experts in the
field. We have endeavored to include a range of expertise
and backgrounds, and each of the authors has provided a
perspective on their topic aimed at experts in adjacent
fields. This book would not exist without the hard work of
these authors, for which we are extremely grateful and
humbled that they would join us in this effort. We hope
that the result is a practical, interdisciplinary introduction
to a full range of topics relevant to the GIC problem.

We hope that you, as a reader of this book, find it use-
ful as a bridge to a new discipline within the broad range
of GIC topics, or perhaps even find something new
within your own specialty.

Jennifer L. Gannon
Andrei Swidinsky
Zhonghua Xu
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An Introduction to Geomagnetically Induced Currents

Chigomezyo M. Ngwira'** and Antti A. Pulkkinen?

ABSTRACT

Earth-directed space weather is a serious concern that is recognized as one of the top priority problems in today’s
society. Space weather-driven geomagnetically induced currents (GICs) can disrupt operation of extended electri-
cally conducting technological systems. This threat to strategic technological assets, like power grids, oil and gas
pipelines, and communication networks, has rekindled interest in extreme space weather. To improve national
preparedness, it is critical that we understand the physical processes related to extreme events in order to address
key national and international objectives. This paper serves to provide a basic introduction to space weather and
GICs, and highlights some of the major science challenges the GIC community continues to face.

Key Points

e Geomagnetically induced currents (GICs) is a space
weather-driven phenomena.

e It is a threat to strategic technological assets, such as
power grids, oil and gas pipelines, and communication
networks.

e This paper serves to provide basic introduction on space
weather and GICs, and the major science challenges the

GIC community continues to face.

1.1. INTRODUCTION

Space weather is a serious natural threat to national
security, and is recognized as one of the top priority
problems today. The term “space weather” generally

" Department of Physics, The Catholic University of America,
Washington, DC, USA

2 Goddard Space Flight Center, Space Weather Laboratory,
National Aeronautics and Space Administration, Greenbelt,
MD, USA

J Now at Atmospheric and Space Technology Research
Associates, Louisville, CO, USA

refers to dynamic conditions on the Sun, in the solar
wind, and in the near-Earth space environment that can
influence the performance of man-made technology, and
can also affect human health and activities. Space weather
is a multi-faceted phenomenon, thus the scientific
community is faced with a challenge to better understand
this natural hazard in order to enhance preparedness.

Geomagnetically induced currents (GICs), a space
weather-driven phenomena, have received increased
international policy, science, industry, and public interest.
GICs flowing on ground-based electrically conducting
systems can disrupt operation of critical infrastructure
such as power grids, pipelines, telecommunication cables,
and railway systems (e.g., Barlow, 1849; Davidson, 1940;
Boteler and Jansen van Beek, 1999; Molinski et al., 2000;
Pirjola, 2000; Pulkkinen et al., 2001; Eroshenko et al.,
2010, and references therein). The majority of community
efforts focus on extreme forms of space weather which
not only have severe impact on our technology and
human space travel, but also challenge our understanding
of the space weather phenomena.

Scientific investigations are critical for understanding
the basic physics and predicting the potential impact
of extreme space weather. Public opinions on the topic of
extreme space weather include wide ranging views. This

Geomagnetically Induced Currents from the Sun to the Power Grid, Geophysical Monograph 244, First Edition.
Edited by Jennifer L. Gannon, Andrei Swidinsky, and Zhonghua Xu.
© 2019 American Geophysical Union. Published 2019 by John Wiley & Sons, Inc.
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4 GEOMAGNETICALLY INDUCED CURRENTS FROM THE SUN TO THE POWER GRID

chapter provides a high-level summary of space weather
and GICs. While some of the topics touched on cover a
broad range of space weather domains, the discussions
are oriented/biased towards the geophysical facet of
GICs. For more insight on specific GIC aspects, the
reader is urged to consult other sections of this volume.

1.2. THE SPACE WEATHER CHAIN

The Sun is the primary source of all space weather in
the heliosphere. Sudden, violent eruptions of solar
material from the Sun’s atmosphere (the corona) called
coronal mass ejections (CMEs), mark the beginning of
major space weather events that eventually produce
geomagnetic storms (disturbances) in the Earth’s upper
atmosphere. The Sun’s activity is closely governed by the
solar activity cycle, which has an average length of about
11 years. The cycle is defined by the number of visible
active sunspots on the solar surface.

During solar maximum period when solar activity is
high, the Sun can launch multiple CMEs towards Earth
per day. A CME can be perceived as a cloud of plasma
with the solar magnetic field known as the interplanetary
magnetic field (IMF) embedded within it. Upon arriving
at Earth, CME:s interact with the magnetosphere, a low-
density partially ionized region around the upper
atmosphere dominated by Earth’s magnetic field. This
interaction then triggers geomagnetic disturbances
(GMDs) that lead to violent global magnetic field
variations.

Orientation of the IMF varies with time and is
important for interaction between the solar wind and
the magnetosphere. Historically, the most intense
disturbances have been recorded when the IMF Bz
component, which is parallel to the solar rotation axis
is oppositely directed to the Earth’s magnetic field, a
condition often referred to as a southward or negative
IMF. Under southward condition, the coupling
between the solar wind and the magnetosphere is
enhanced and the transfer of CME plasma,
momentum, and energy into the near-Earth space
environment is increased. This enhanced energy flow
stimulates a chain of complex processes within the
magnetosphere—ionosphere (M-I) coupled system
that regulate phenomena such as storm enhanced
density, ionospheric irregularities, substorms, GICs,
and auroral displays at high-latitude locations. In
addition to these effects, space weather can also com-
promise the integrity and performance of our tech-
nology (Lanzerotti, 2001). Figure 1.1 highlights some
of the key technological assets affected by space
weather. Per the purpose of this book, we now focus
our discussions exclusively on GICs that occur at the
end of the space weather chain.

1.3. GEOMAGNETICALLY INDUCED CURRENTS

Overall the GIC problem can be categorized by a
two-step approach (Pirjola, 2000, 2002a). In step 1, the
geophysical facet involving the estimation of the geoelec-
tric field based on M-I currents and the ground conduc-
tivity is considered. Step 1 is fundamentally a science
piece and the connection to space weather phenomenon.
In step 2 (“engineering piece”) the current flowing on the
system is calculated based on the estimated geoelectric
field and detailed information about the particular
ground system (e.g., Lehtinen and Pirjola, 1985; Molinski
et al., 2000; Pirjola, 2000). In other words, the magnitude
of GICs flowing through a network is generally deter-
mined by a combination of the horizontal surface
geoelectric field, the geology, and elements of a given
network (e.g., Molinski et al., 2000; Pirjola, 2000).
We now briefly examine each of these three components.

1.3.1. The Geoelectric Field

The ground geoelectric field is the actual link to space
weather through M-I processes. The primary feature of
geomagnetic storms that pertains to GICs is the variation
of electric currents in the M-I mode. Intense time-varying
magnetosphere and ionosphere currents lead to rapid
fluctuation of the geomagnetic field on the ground.
Faraday’s law of induction is the basic principle related to
the flow of GICs on ground networks: a changing magnetic
field induces an electric field through geomagnetic
induction in the earth. In turn this electric field is respon-
sible for currents that flow on ground conductors, such as
power grids, according to Ohm’s law J=o¢ E, where J is
the current density, o is the conductivity, and E is the
electric field. The key processes for the creation and flow
of GICs are illustrated in Figure 1.2.

Mathematically, Faraday’s law of induction can be
expressed as:

VxE:—@.

p (1.1)
Hence, the observed induced surface geoelectric field
depends only on geomagnetic field variations and
electromagnetic induction in the earth determined by the
local geology (e.g., Pirjola, 1982). It follows, therefore,
that this induced geoelectric field is completely
independent of any technological system but is deter-
mined by M-I currents that are a function of space
weather conditions and the ground conductivity, as dis-
cussed before.

To calculate the geoelectric field, a simple but illustrative
I-dimensional (1-D) model that assumes a plane
wave propagating vertically downwards and a uniform
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Geomagnetically
induced current
in power systems

Solar flare
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scintillation

\ Radiation effects

Induced effects in
" submarine cables
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Figure 1.1 Technological infrastructure affected by space weather events at the Earth. Source: Courtesy of
NASA: https://www.nasa.gov/mission_pages/rbsp/science/rbsp-spaceweather.html. (See electronic version for

color representation of this figure.)

half-space earth with conductivity ¢ is traditionally used
(Cagniard, 1953; Pirjola, 1982). The fields are all presumed
to be horizontally uniform to simplify the modeling.
Adopting a single frequency w, then the geoelectric field £
and E components can be deduced in terms of the perpen-
dicular geomagnetic field component B, and B_as:

(1.2)

where y, is permeability of free space, whereas the layer of air
between the ground and the ionosphere is taken to have zero
conductivity to limit significant attenuation of external
electromagnetic fields. Since Equation (1.2) outlines the basis
for deriving the Earth’s conductivity using geoelectric and
geomagnetic field measurements recorded at the surface, it is
considered as the “basic equation of magnetotellurics.”

1.3.2. Ground Conductivity

The Earth’s geology is another key ingredient in the
geomagnetic induction process. Penetration of the
geomagnetic field into the Earth’s crust is determined
by the ground conductivity and frequency of the
geomagnetic field variations. That is to say, the rate of
attenuation of the induced electric field is dependent
on the vertical distribution of the resistivity of the
ground, and the period considered. Upper layers gen-
erate stronger influences at short periods, and deeper
layers are more bearing at long periods, as depicted in
Figure 1.3. It should be noted that the geomagnetic
induction process is not fully discussed in the present
paper. Here, we mostly emphasize the different con-
ductivity models used for GIC applications. However,
Part 2 of this volume is dedicated to discussions on
geomagnetic induction.
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GIC in pipeline at Mantsala on Jyl/ 15,
40+ T

20}

GIC (Amperes)

1200 1400 16: 1800 2200

Time

20 00

w*—"*#f*v**«‘“&“‘w” ”‘V LM o - 0

Induction

Figure 1.2 The basic principle for the generation of GICs: variations of the ionospheric currents (/(t)) generate an
electric field (E(t)) through geomagnetic induction in the earth. This electric field then drives GICs on ground
conductors. Also shown are actual GIC recordings from the Finnish natural gas pipeline. Image credit Wikipedia.
(See electronic version for color representation of this figure.)

Electromagnetic wave of different periods

Earth’s
surface
A///V—/'
Attenuation
| Good conductor |
Conducting earth
100 km

Periods = 4000 s 160 s 16s

Figure 1.3 Depiction of electromagnetic signal penetration
at different periods. Long-period signals penetrate deeper into
the underground than short periods. Source: Adopted with mod-
ification: http://userpage.fu-berlin.de/mtag/MT-principles.html.

The “plane wave” approach described above is a firmly-
established and simplest procedure for calculating GICs
(see e.g., Pirjola, 2002a; Viljanen et al., 2006; Ngwira
et al., 2008; Liu et al., 2009; da Silva Barbosa et al., 2015;
Pulkkinen et al., 2015). This approach has also been
applied to extreme events with much success (Wik et al.,
2009; Pulkkinen et al., 2012; Ngwira et al., 2013, 2015).
Historically, the most widely used ground structure
has been the 1-D layered conductivity (where o is depth
dependent) applied to specific or given location (e.g.,
Boteler and Pirjola, 1998; Viljanen et al., 2006; Pulkkinen
et al., 2007; Ngwira et al., 2008; Fernberg, 2012; Zhang
etal., 2012). In the United Kingdom, however, past studies
have calculated GICs flowing on the high-voltage trans-
mission system using the “thin-sheet” approximation
(Beamish et al., 2002; McKay, 2003; Thomson et al., 2005;
Beggan, 2015). The thin-sheet approach uses a spatially
varying conductance on a 2-D surface covering the region
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of interest, combined with a 1-D layered conductivity of
upper lithosphere conductance (McKay, 2003). Thus, a
thin-sheet model incorporates the effect of lateral conduc-
tivity variations on redistribution of regional currents
induced elsewhere (e.g., oceans or shelf seas).

Several recent studies emphasize the use of 3-D conduc-
tivity that more accurately represent the true 3-D earth
response (e.g., Love, 2012; Bonner IV and Schultz, 2017,
Kelbertet al., 2017, and references therein). Unfortunately,
these 3-D conductivity models are not readily available in
many areas, thus their application is quite limited. In the
United States, data from magnetotelluric (MT) campaigns
such as EarthScope USArray MT program (http://ds.iris.
edu/spud/emtf) are improving the conductivity models
(e.g., Schultz, 2009). So far, nearly 60% of the continental
United States has already been covered [Adam Schultz,
personal communication]. In Figure 1.4 is a map showing
the locations and current status of the NSF-funded
EarthScope USArray MT project.

With the development of 3-D ground models, one
challenge is to pinpoint exactly when and where the 1-D
case fails and the 3-D case becomes necessary for GIC pur-
poses. This is partly due to the data limitation mentioned
before but with more 3-D models becoming available, the
picture is beginning to change. Take for instance the recent
Mid-Atlantic region case study by Love et al. (2018). They
estimate that geoelectric fields calculated from 3-D con-
ductivity models could be a few orders of magnitude larger
than the fields estimated from 1-D models. If indeed the
1-D models under-estimate the induced fields (the order of
magnitude might vary), then this could raise significant
concern for power system operators in affected regions.
However, the actual impact of such fields on any system is
a matter requiring more detailed analysis that consider all
sides of the problem, including the coupling of space
weather processes to the grid.

1.3.3. Engineering Considerations

Generally, information about the geoelectric field
produced on the ground during GMD events is acquired
as described above. Once this information is obtained,
determining the level of GICs flowing through a given
node for any ground system is relatively straightforward.
The GIC can be calculated by considering the geoelectric
field to be uniform in the near vicinity of the network
using the expression

GIC(t)=aE,(1)+bE,(1) (1.3)

where a and b are the network coefficients specific to
each network node depending only on the resistance
and geometrical composition of a system (Viljanen

and Pirjola, 1994). This is a purely engineering task
that requires a full description of the system under
consideration, which is beyond the scope of this paper.
Nevertheless, readers can turn to Lehtinen and Pirjola
(1985) or Viljanen and Pirjola (1994), and more recently
Boteler (2014), for more information concerning this
procedure. In addition, Part 3 of this volume contains sev-
eral discussions on GICs and the power system.

1.4. EXTREME EVENTS

While mild and moderate space weather is fairly
“common,” relatively speaking, it is often the extreme
events that gather the most attention because they are
“infrequent” but pose the highest risk. A truly
extreme and rare space weather event could have pro-
duced large GICs that can seriously disrupt technology.
Policy makers, the general public, industry, and the
science community are all interested to know “how bad
can space weather really get?” Recent policy action at
the White House level in terms of development of the
National Space Weather Strategy and National Space
Weather Action Plan (SWAP) has sparked renewed
interest on this topic (National Science and Technology
Council, 2015a,b). It is worth noting at this point that
goal 1 of the SWAP calls for extracting information about
extreme 1-in-100year geoelectric fields and theoretical
maximums. While GICs are not the only space weather
hazard highlighted in these policies, the phenomenon
does play an important role in them. In this section, a
general view of GICs, extreme events, and impact are
covered.

1.4.1. General View of GIC Studies

Space weather is a global phenomenon, however, most
notable effects tend to occur locally, that is, isolated area,
as is the case for GICs. For this reason, many GIC studies
focus on specific regions or networks. Nevertheless, there
are several examples of studies that have a wider scope
and provide a global snapshot of events (e.g., Pulkkinen
et al., 2012; Ngwira et al., 2013, 2015; Fiori et al., 2014;
Kataoka and Ngwira, 2016; Carter et al., 2016; Moldwin
and Tsu, 2017; de Villiers et al., 2017; Barbosa et al.,
2017; Oliveira et al., 2018, and references therein).

The largest number of GIC studies have come from
high-latitude regions because of the proximity to the
auroral zone (Pirjola, 1982; Lehtinen and Pirjola, 1985;
Viljanen and Pirjola, 1994; Boteler et al., 1998; Boteler,
2001; Pulkkinen et al., 2001; Pirjola, 2002b,c; Pulkkinen
et al., 2003; Trichtchenko and Boteler, 2004; Thomson
et al., 2005; Viljanen et al., 2006; Wintoft, 2005; Wik et al.,
2009; Myllys et al., 2014; Beggan, 2015; Ngwira et al.,
2018a, and references therein). The most interesting
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Figure 1.4 EarthScope USArray MT status map across the lower-48 U.S. The stations are spaced in an
approximate 70 km grid. http://www.usarray.org/researchers/obs/magnetotelluric. (See electronic version for

color representation of this figure.)

feature about the auroral zone is associated with auroral
electrojet current flowing in the ionosphere. During
storms, this current system can be strongly intensified
mostly by magnetospheric substorms, thereby causing
large GICs on the ground.

For many years, it was believed that GICs were a high-
latitude phenomena, thus mid-low latitudes were gener-
ally not regarded to be susceptible to adverse impact by
GICs. But this picture changed after evidence in South
Africa revealed that GICs may have contributed signifi-
cantly to the failure of several transformers (see reports
by Koen, 2002; Gaunt and Coetzee, 2007). Since then, the
GIC community has experienced a major growth in the
number of studies focusing on mid-latitude locations
such as, Australia, China, France, Greece, Hungary,
Ireland, Japan, New Zealand, South Africa, Spain, and
the United States (Kappenman, 2006; Bernhardi et al.,
2008; Ngwira et al., 2008, 2009; Watari et al., 2009;
Turnbull et al., 2009; Liu et al., 2009; Ngwira et al., 2011;
Love, 2012; Torta et al., 2012; Zois, 2013; Marshall et al.,
2013; Lotz and Cilliers, 2014; Fujii et al., 2015; Blake
etal., 2016; Matandirotya et al., 2016; Lotz and Danskin,
2017; Kelly et al., 2017; Love et al., 2018, and references
therein).

In general, low-latitude geomagnetic variations tend to
be relatively smaller than those experienced at mid- and

high-latitudes, thus the region has largely been over-
looked and is the least studied area in terms of GICs. One
of the earliest studies on low-latitude networks was con-
ducted in Brazil by Trivedi et al. (2007). However, on
examining the March 1989 and October 2003 extreme
geomagnetic storms, Pulkkinen et al. (2012) first showed
that induced surface geoelectric fields can be strongly
amplified at the magnetic equator, thus could pose a
higher threat to power systems at low-latitudes than at
mid-latitudes. Then, Ngwira et al. (2013) extended study
of extreme storms not only confirmed the findings by
Pulkkinen et al. (2012), but also associated the effect to
amplification of equatorial electrojet (EEJ) current by
high-latitude penetration electric fields. Penetration
electric fields are attributed to sudden changes in the
strength of field-aligned currents, which are required for
shielding the inner magnetosphere and the low-mid-
latitude ionosphere from the dawn-dusk magneto-
spheric convection electric field (Fejer et al., 2007;
Maruyama and Nakamura, 2007). After the extended
study of extreme storms, Carter et al. (2015) investigated
the potential effects of interplanetary shocks on the
equatorial region and further demonstrated that their
magnetic signature was amplified by the EEJ. Partly due
to the investigation by Pulkkinen et al. (2012), we have
witnessed an increased interest in GICs at low-latitudes
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during the last 5 years (e.g., Liu et al., 2014; da Silva
Barbosa et al., 2015; Barbosa et al., 2015; Adebesin et al.,
2016; Moldwin and Tsu, 2017; Oliveira et al., 2018, and
references therein).

1.4.2. Extreme GICs

In the past three decades, the space weather field has
observed significant progress that has strengthened insight
on the central processes driving GICs. However, rare but
extremely intense geomagnetic storms continue to
challenge our understanding of space weather (Kataoka
and Ngwira, 2016; Pulkkinen et al., 2017; Ngwira and
Pulkkinen, 2018; Tsurutani et al., 2018; Ngwira et al.,
2018b). As noted in our introduction, scientific investiga-
tions are critical for raising awareness and predicting the
impact of extreme space weather.

The space weather community is well aware that during
extreme geomagnetic storms, intense high-latitude

currents can expand into the mid-latitudes (e.g.,
Kappenman, 2005; Ngwira et al., 2013, 2014). However,
understanding how deep into the lower latitudes the high-
latitude ionospheric currents can extend is still a challenge.
Figure 1.5 shows global maximum geomagnetic field
dBldt distribution computed from ground magnetometer
recordings. The distribution in this figure comprises of
data from 12 from historical extreme geomagnetic storms
that occurred between the years 1989 and 2005 (see report
by Ngwira et al., 2013). Firstly, the figure clearly illus-
trates the impact of extreme storms on geomagnetic field
perturbations at the geomagnetic equator, as seen by the
amplified response near zero geomagnetic latitude.
Secondly, the dark gray dashed lines mark the geomagnetic
latitude boundary (GLB) location, a dynamic transition
zone between high- and mid-latitudes, while the thick
solid curve is the sixth order polynomial fit.

The GLB is crucial because it identifies the latitude band
where dBJ/dt (or the geoelectric field) experience roughly an
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Figure 1.5 Geomagnetic latitude distributions comprising 12 extreme events that occurred between 1989 and
2005. Plot shows the maximum time derivative of the horizontal magnetic field, dB/dt, at specific ground sites
represented by the “*” symbol. Source: Image credit Ngwira et al. (2013). Reproduced with permission of John
Wiley and Sons. (See electronic version for color representation of this figure.)
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order of magnitude drop/jump, and hence helps to define
locations most exposed to the GIC hazard. Some investi-
gators have determined the GLB location to be around
50-55°. geomagnetic latitude (e.g., Thomson et al., 2011;
Pulkkinen et al., 2012; Ngwira et al., 2013). However,
Ngwira et al. (2014) suggest that under extremely strong
space weather conditions (“Carrington-type” event), the
GLB location can be substantially displaced deeper (~40°
geomagnetic latitude) into the lower latitudes. Such a loca-
tion is much lower than previously determined for observed
extreme geomagnetic storms, including the March 1989
and the October 2003 Halloween storm.

1.4.3. Impact

Reducing the Nation’s vulnerability to space weather is
identified as a national priority, and GICs are also identi-
fied as the top threat (National Science and Technology
Council, 2015b). The telegraph system was the first tech-
nology to report disruption (1847) by space weather-
driven GICs (Barlow, 1849). But perhaps in todays
society, the power grid is the most critical infrastructure
affected by GICs due to the wide-spread demand for
electrical power. The first reported disruption on power
grids was in 1940 (Davidson, 1940; McNish, 1940).

However, the most widely known impact of space
weather on any system is the collapse of the Hydro-
Quebec power network grid in Canada during the 13
March 1989 superstorm. Intense GICs produced during
the superstorm triggered a complete blackout of the
entire Hydro-Quebec network in a relatively short time
interval (Boteler, 2001; Bolduc, 2002, and references
therein). It is believed that after a large substorm, system
stability was lost thereby cutting off main load points
from a major generation source (see Bolduc, 2002, for a
more detailed discussion). During the same March 1989
event, a generator step-up power transformer was dam-
aged in New Jersey, USA.

Other, more recent but perhaps not well-known GIC
impacts on power grids include, failure of a high-voltage
power transmission system in Sweden (e.g., Pulkkinen
et al., 2005; Wik et al., 2009), and possible transformer
damages in South Africa (Gaunt and Coetzee, 2007).
These two event are both associated with the “Halloween
storm” of October 2003. GICs affect a wide range of
technologies, as noted above. An extensive record of GIC
impact on different systems within the last 80 years was
recently compiled by Ngwira and Pulkkinen (2018).

1.5. CONCLUDING REMARKS

Space weather is an interesting but complex
phenomenon. One of the top priorities of the science
community today is extending our current understanding

of the space weather phenomena. Extreme events in
particular not only challenge our understanding of the
physics of this phenomena, but can also cause deleterious
effects. With several on-going national and international
efforts, our awareness of the problem is growing, thus
could help to resolve outstanding challenges. More
detailed discussion on specific areas of the GIC problem
are provided in different chapters of this volume.
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